Considerable progress has been made in the last few years in determining the biosynthetic pathways to the gibberellins in cultures of Gibberella fujikuroi and cell-free systems from the endosperm of Cucurbita maxima and Pisum sativum. Metabolie sturlies with intact higher plants are fraught with technical difficulties. The use of [ 2 H]GAs tagether with mass spectrometry offers a useful approach towards the solution of some of these problems.
INTRODUCTION
It is a particular pleasure to return to the birthplace of the gibberellins and describe some aspects of our recent work. Since their discovery early in this century as plantgrowth promoting metabolites of the rice pathogen, Gibberella fujikuroi, the gibberellins have grown in stature. They are now known to be of widespread, and possibly universal, The metabolism of the GAs has special importance in relation to their hormonal function.
A main goal is to provide information on the biosynthesis and deactivation of the GAs and hence on the regulation of the endogenaus levels of the active hormones. To do so in developing intact plants poses formidable problems. In addition to the difficulties 996 J. MACMILLAN associated with the low levels of GAs present in higher plants and the low incorporation of precursors, special problems exist in designing feeding experiments to examine GAmetabolism in relation to the developmental processes which the GAs may be regulating.
Some of these problems are discussed later. But first a brief review is provided of the substantial progress that has been made in elucidating GA-biosynthesis using cultures and cell-free systems from G. fujikuroi and in cell-free systems from the endosperm of Marah macrocapus (wild cucumber), Cucurbita maxima (pumpkin), and Pisum sativum (pea).
BIOSYNTHESIS IN G. fujikuroi AND HIGHER PLANT CELL-FREE SYSTEMS
Formation of the ent-gibberellane ring system
In all of the systems so far studied in detail, the pathway (Fig. 2 ) from MVA to GA 12 -aldehyde is the same. This pathway may therefore be common to all higher plants. The interesting ring B contraction has been examined recently by Graebe et ~-(2, and unpublished results) and shown to involve loss of the ent-6a-hydrogen and retention of the ent-6ß and ent-7ß-hydrogens in going from ent-7a-hydroxykaurenoic acid to GA 12 -aldehyde and to ent-6ß,7a-dihydroxykaurenoic acid. From GA 12 -aldehyde the pathways differ for each system depending upon the order in which oxidation occurs.
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In the G. fujikuroi, there are two pathways which branch from GA 12 -aldehyde (Fig. 3) . In the main pathway to GA 3 , 3ß-hydroxylation is the first step and 13-hydroxylation is the last step. The minor pathway to GA 9 involves no hydroxylation although 13-hydroxylation of GA 9 does occur to a small extent. 2a-Hydroxylation of GA 4 and GA 9 and la-hydroxylation of GA 4
is also observed to a small extent. 2ß-Hydroxylation is absent in the fungus. The enzymes which catalyse GA-biosynthesis in the fungus have apparently low substrate specificity and will convert analogues of the natural intermediates into analogues of the fungal GAs, some of which are higher plant GAs (see, for example, Ref. 3 and 4). enzymes cannot be induced in a cell-free system, these alternative pathways, point to low substrate specificity of the enzymes in higher plants as well as in the fungus, G. fujikuroi. . Thus it appears that 13-hydroxylation occurs immediately after GA 12 -aldehyde in cantrast to (a) the fungus where 13-hydroxylation is the last step and (b) the C. maxima system where 13-hydroxylation is absent. Further steps in the pathway in P. sativum preparations are being investigated. However, further information on later steps has been obtained from studies with intact seeds of P. sativum and is discussed later.
Gonversion of c 20 -GAs to c 19 -GAs
The mechanism by which carbon-20 is removed in this conversion is a major remaining problem.
No intermediates are known between c 20 -GAs with a 10-methyl group and the c 19 -GAs. Recently This finding limits the possible mechanism but the oxidation level at which carbon-20 is lost is still unknown.
METABOLIC STUDIES IN INTACT PLANTS
In intact plants, the pathway to GA 12 -aldehyde ( Fig. 2) has not been firmly established and none of the intermediates up to and including GA 12 -aldehyde have been shown to be incorporated to positively identified GAs. Consequently most investigations have concentrated on the metabolism of the GAs themselves.
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To determine the metabolism of arbitrarily selected GAs, fed to intact plants at arbitrarily selected stages of development has intrinsic enzymological interest. However to correlate GA metabolism with development in growing plants, and hence with hormonal function, imposes severe restraints. In our studies using developing seed of P. sativum cv. Progres~ No. 9
(Ref. 7,9,10,11) we have tried to apply the following criteria to establish a metabolic step, GA to GA , as a normal process: (a) GA and GA should be native to the system Two further problems in establishing a metabolic step, GA +GA are (a) the difficulty in X y identifying the metabolite GA in the presence of the native GA ; for example in the work y y just described, the metabolites were identified by the negative evidence that the radioactive metabolite had the correct Rr by GC-RC and sufficient mass to shcw the absence of other compounds at the correct Rr by GC-MS, and (b) the problern of establishing that the labelled GAx which is fed is equivalent to the native GAx. Both points can, in princip1e, be solved using stab1e isotopes. For this purpese we have recent1y synthesised severa1
[ 3 H]GAs from the commercia11y availab1e funga1 GA 3 and GA 7 (unpublished resu1ts). One of the synthetic routes (Fig. 7) is based upon the hydride reduction of the enones derived from GA 3 and GA 7 methy1 esters by Mn0 2 oxidation (cf. Ref. 12) . The mechanism of the reduction of enones to the saturated alcoho1s has not been exp1icit1y discussed in the 1iterature. It requires a proton source. Using NaB~4 (x = 1,2 or 3), LiBr and dig1yme we find that the proton source is adventitious water in the solvent as previous1y suggested (Ref. 13, 14) . However in anhydrous tetrahydrofuran, we find that the reduction is a twostep process (Fig. 7) . During acidic work-up the initia11y formed Li eno1ate of the saturated ketone is converted to the saturated ketone faster than the decomposition of the Fig. 8 . The alka1ine hydro1ysis of these methyl esters to the free GAs is Straightforward even for the 3-hydroxy GAs in which base-cata1ysed epimerisation occurs.
LiO Fig. 7 Hydride reduction of 3-keto GA 3 and 3-keto GA 7 methy1 esters This epimerisation occurs without 1oss of the 3-deuterium or -tritium 1abe1 eliminating 3-keto intermediate but supporting the previous1y suggested retro-a1do1 mechanism. The stereochemistry of the 3-1abe1 in the reduction of the enone (Fig. 7) fo11ows from the 1002 J. MACMILLAN characterisation of the products as 3-epi GA 1 methy1 ester (from GA 3 methy1 ester) and 3-epi GA 4 methy1 ester (from GA 7 methyl ester). A sample of the seed were immediately harvested and further samples were taken at 3 or 4 day intervals until the seed were fully grown. Each sample of seed was extracted with methanol and the [ 2 H]-content of the recovered GA 20 and the recovered GA 29 were determined as described in the preceding paragraph. These ratios (Table 2) 
